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N anocavities with independently tunable harmonics are desirable for applications in which large electric field enhancements are required at two or more distinct wavelengths. For example, to efficiently generate entangled photons, an optical cavity with two spectrally separated modes could simultaneously enhance the biexciton and single-exciton transitions in a quantum emitter such as a quantum dot. 1 Likewise, nonlinear processes such as harmonic generation could be enhanced using cavity resonances that increase the optical fields at the fundamental frequency and at higher harmonics. 2−5 Other nonlinear phenomena, including stimulated Raman scattering, optical switching, and two-photon absorption, could also be enhanced in a similar manner. Furthermore, tuning and optimization of multiple resonances could be applied to fluorescent emitters, for which one cavity resonance enhances the absorption, and another resonance at the emission wavelength enhances the radiative rate and quantum efficiency via the Purcell effect. 6 To achieve these effects, an optical cavity must possess two well-defined spectrally separated but spatially overlapped modes, each with a small mode volume V eff , and large field enhancement. At the same time, the line width of each mode must be large enough to overlap well with broad, roomtemperature emitters and the cavities must radiate efficiently into free space or into a waveguide. Dielectric cavities with multiple resonances have been demonstrated using Fabry− Peŕot resonators or photonic crystal cavities. 4 However, these dielectric cavities rely on high quality factors (Q ∼ 3000) to achieve field enhancement, making them difficult to integrate with spectrally broad optical features (∼50 nm), such as the absorption and photoluminescence of materials at room temperature. Additionally, for the enhancement of nonlinear effects, the narrow resonances of each individual cavity need to be precisely tuned relative to the fundamental and other generated frequencies, limiting versatility and scalability.
Plasmonic nanocavities can overcome the line width matching problem by offering spectrally broad resonances while simultaneously providing large values of Q/V eff , the figure of merit that determines the rate of optical processes such as the Purcell effect. 7 Several designs have recently been theoretically proposed for multimode plasmonic structures.
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However, a typical plasmonic cavity such as a bowtie antenna 6 has only a single usable resonance. Larger plasmonic cavities can support multiple accessible modes; however, the modes are not well spectrally separated 11, 12 or show significant overlap with each other. 13 Recently, a lithographically fabricated dualresonance antenna was demonstrated to enhance secondharmonic generation, but it showed limited improvement over a single-resonance antenna. 2 Here, we demonstrate a plasmonic nanocavity with ultrasmall effective mode volumes [V eff ≈ 0.001 (λ/n) 3 ] and two modes separated by 350 nm across the visible spectrum with good spatial overlap (Figure 1 ). The nanocavity structure consists of a silver nanocube (∼75 nm edge length) over a gold film separated by a nanoscale spacer (<10 nm), into which luminescent, nonlinear, or other materials can be integrated. The finesse of the cavity is F = 6, defined as the ratio between the mode separation and the mode line width. This high finesse plasmonic structure is enabled by the transmission line mode of the nanocavity that propagates in the gap between the two metal surfaces. 14 The particular geometry is well-suited for optical control of two-dimensional materials, such as the atomic layers of MoS 2 that we demonstrate here. We find a dramatic 2000-fold average enhancement of the photoluminescence (PL) intensity of MoS 2 integrated within the nanopatch antenna. This large PL enhancement is the result of a combination of enhanced absorption at the first harmonic cavity resonance, enhanced PL quantum yield (QY) at the fundamental cavity resonance and increased directionality of the emission due to the radiation pattern of the nanopatch antenna. This nanocavity design is a particularly powerful platform for the promising transitionmetal dichalcogenide monolayers, 15 such as MoS 2 , because of their intrinsically weak absorption (∼3%) 16 combined with low PL quantum yield (0.5%). 17 Although other types of cavities have been used to enhance the PL of two-dimensional materials,
18−23 such large enhancements have not previously been possible because both the absorption and the quantum yield could not be simultaneously enhanced. The fundamental mode of the cavity is dipolar (Figure 1b) , with a typical resonance of λ p = 660 nm, whereas the first harmonic is quadrupolar (Figure 1c) , with a typical resonance of λ p = 420 nm. 24 The two modes are spectrally separated but also exhibit good spatial overlap. Both resonances can be observed in the scattering spectrum of the nanocavity, in simulations (Figure 1d) , and in the measured white-light scattering spectrum as will be shown below. The sub-10 nm vertical dimension of the cavity results in a large electric-field enhancement (>100) across the gap along the z direction (Figure 1b−c) as well as weaker, but still important, field enhancement (∼10) in the xy plane ( Figure S1 ). Furthermore, our prior work has shown that the emission from the nanocavity is directional, with a single radiation lobe normal to the substrate, and with the entire structure behaving as a nanoscale patch antenna (Figure 1a ). 25 The large aspect ratio between the small vertical dimension (<10 nm) and the larger horizontal dimension (∼75 nm) of the nanocavity makes it ideal for the integration of two-dimensional materials. MoS 2 monolayers were selected because of the good spectral overlap between the quasi-particle gap of 2.8 eV (443 nm) at the K point of MoS 2 26 and the quadrupolar mode of the nanocavity (Figure 1d−e) . In addition, the fundamental nanocavity resonance overlaps with the A− trion, A exciton, and B exciton emission at approximately 1.8, 1.9, and 2.0 eV (689, 653, and 620 nm), respectively, 16 such that resonant enhancement of the spontaneous emission rate is possible. This alignment of the optical features allows for simultaneous enhancement of the absorption and the PL quantum yield, as will be shown below.
The nanocavity consists of a gold film (50 nm) on a glass substrate coated with 3−15 nm of HfO 2 ( Figure 2a ). MoS 2 is transferred onto the HfO 2 film, followed by deposition of colloidal silver nanocubes. The density of the deposited nanocubes was constrained to be sufficiently low to enable individual nanocavities to be addressed optically. A control sample, which consisted of a MoS 2 monolayer on the native substrate of Si/SiO 2 (290 nm), was also fabricated.
Single nanocavities can be identified by dark-field scattering microscopy, where the nanocavity scattering manifests as bright spots (Figure 2b) . MoS 2 appears in the dark-field image as pale blue outlines because of the scattering from the edges of the crystals, which had typical dimensions of 10−20 μm. The enhanced PL from nanocavities that are resonant with the PL spectrum are observed as bright diffraction-limited spots on a background of weak emission from the surrounding MoS 2 crystal (Figure 2b inset) . A diffraction-limited laser spot was used to excite individual nanocavities, and the PL was collected into an imaging spectrograph or by a photon-counting avalanche photodiode.
At an excitation wavelength of λ ex = 420 nm, the singlenanocavity PL exhibits a 56-fold enhancement in intensity relative to emission from the control sample at the same excitation power (Figure 2c ) and using the same diffractionlimited laser spot (∼350 nm). The shape of the PL spectrum is also modified by the nanocavity; it is narrower and slightly (∼5 nm) red-shifted relative to the intrinsic spectrum on the Si/ SiO 2 substrate (Figure 2c inset). The intrinsic PL spectrum from the control sample and from the nanocavity can be well fitted to Lorentz-shaped MoS 2 A− trion, A and B exciton peaks at 1.86, 1.89, and 2.01 eV, respectively (Figure 2d−e) . Because the fundamental resonance for this nanocavity occurred at λ p = 675 nm, corresponding to a photon energy of 1.84 eV, the effect of the coupling was to skew the PL toward the cavity scattering spectrum. Alternatively, this effect could also be used to enhance weakly emitting exciton species such as the B exciton in MoS 2 by tuning the nanocavity resonance to 2 eV.
To reveal the effects of cavity resonances and intrinsic MoS 2 absorption on the PL, we examine the PL enhancement as a function of the excitation wavelength, referred to as the photoluminescence excitation (PLE) spectrum. The PLE spectrum on the control sample exhibits a peak at λ ex = 610 nm, and a dip is observed at λ ex = 420 nm. Excitation beyond 640 nm was not possible because of overlap with the PL spectrum. These features are due to the absorption of MoS 2 on the Si/SiO 2 substrate, which is modified relative to free space (Figure 3b ). Using the ratio between the experimentally measured PLE spectrum and the calculated absorption, we can obtain the relative PL quantum yield, QY 0 , of MoS 2 on thermal oxide.
The PLE spectrum of a single nanocavity with a 5 nm spacer layer reveals greatly enhanced PL intensities relative to the control sample (Figure 3c ). In particular, the PLE spectrum follows the nanocavity scattering spectrum, with the largest PL intensities observed near the fundamental and second-order resonances, as can be seen in the measured scattering spectrum shown in Figure 3d . To quantify the PL enhancement, we define the average PL enhancement factor across a single cavity:
where I cav is the PL intensity from the cavity and I 0 is the PL intensity from MoS 2 on thermal oxide. To determine the enhancement per unit area of the MoS 2 , the enhancement is scaled by the ratio of the excitation area on the control sample, A 0 ∼ (350 nm) 2 , to the area of the nanocavity, A cav ∼ (75 nm) 2 . Furthermore, we correct for the fact that the diffraction-limited focal spot on the sample is smaller at shorter wavelengths. The enhancement factor follows the cavity scattering spectrum, with a maximum enhancement of ⟨EF⟩ = 2000 at the second-order resonance and a value of ⟨EF⟩ = 800 as the excitation approaches the fundamental resonance at λ ex = 640 nm ( Figure  3e ). We note that the presence of two spectrally separated cavity resonances creates flexibility in the manner in which MoS 2 enhancement is achieved: large PL enhancements can be obtained through excitation near the fundamental resonance, which overlaps with the emission peak or through excitation at the second-order resonance, which overlaps with the strong MoS 2 absorption peak at 443 nm.
We repeated the PL enhancement measurements on samples with different HfO 2 spacer thicknesses, ranging from 2 to 15 nm, excluding the 3 nm PVP nanocube coating. The average enhancement factor for the ∼6 selected cavities for each spacer thickness was found to have a nearly constant value of ∼550 under excitation at 420 nm for spacer thicknesses of d = 5, 8, and 11 nm. For d = 2 nm, ⟨EF⟩ decreases, which is attributed to nonradiative quenching. 25 The nanocavity on which the PLE spectrum depicted in Figure 3e was measured yielded one of the highest enhancement factors observed in our measurements. The variation from cavity to cavity could be caused by variations in the cavity resonance relative to the PL spectrum, roughness in the gold film, or unevenness in the intrinsic PL of the MoS 2 .
The large PL enhancements can be understood based on fullwave finite element simulations of the nanocavity (see Methods). Figures 4a−b illustrate the relevant rates in the coupled and uncoupled MoS 2 monolayer, with excitation rate γ ex , and the radiative γ r and nonradiative γ nr exciton decay rates enhanced in the presence of the cavity. The intrinsic decay rate γ int 0 is assumed to be unchanged in the cavity. Because an MoS 2 monolayer is a two-dimensional material, it is assumed that it has an optical response only to in-plane electric fields.
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Although the dominant fields in the cavity are vertical (out-ofplane), there are still substantial in-plane electric fields at both the fundamental and second-order resonances ( Figure S1 ). Simulations of the absorption enhancement relative to free space show a dipolar pattern near the fundamental mode at λ ex = 640 nm, whereas a quadrupolar pattern is observed at the second-order mode at λ ex = 420 nm (Figure 4c ). The largest enhancements are observed near the edges of the nanocube, where the in-plane fringing fields are largest because of the ∼8 nm rounding of the edges, as in the experimental structure. 24 The quantum yield for spontaneous emission when the MoS 2 is coupled to the nanocavity is given by QY = γ r /(γ r + γ nr + γ int 0 ) and is calculated using the dyadic Green's function (Figure 4c) . The maximum local enhancement in QY is ∼25 at the second order resonance. Critically, the enhancement in the QY is not strongly dependent on the intrinsic QY 0 of MoS 2 , which occurs because the quantum yield enhancement is equivalent to the radiative rate enhancement for large γ int 0 . When the effects of absorption and QY enhancement are combined, the PL enhancement factor relative to the MoS 2 of the control sample is where η = 84% and η 0 = 15% are the PL collection efficiencies for the nanocavity sample and the Si/SiO 2 control sample using a 0.9 NA objective and QY 0 is the intrinsic quantum yield of MoS 2 . The enhancement factor follows the spatial profile of the excitation rate enhancement and has a maximum value of ∼1500 at the second order resonance. By spatially averaging the effects of enhancements in excitation and QY, we can obtain the PL enhancement factor versus the excitation wavelength (Figure 4d−f) , all originating from the in-plane cavity fields. Near the fundamental resonance, the total simulated enhancement is ⟨EF⟩ = 600, whereas at the second-order resonance, ⟨EF⟩ = 800. For comparison of these results with the experimental enhancement factors, these enhancement factors are calculated relative to MoS 2 on the control substrate (Figure 4d and f) . The enhancement factors (Figure 4f ) exhibit good qualitative agreement with the measured enhancement factors presented in Figure 3e .
This work demonstrates a flexible and tunable plasmonic platform that possesses two spectrally separated resonances spanning the visible spectrum, which is used here to simultaneously enhance the absorption and PL quantum yield of a nanoscale material. Although the dominant vertical electric field in this nanocavity does not couple well to the horizontal dipole moment of MoS 2 , large enhancements are still possible due to significant in-plane and fringing fields. Strategies to improve coupling to the vertical cavity field may include introducing nanoscale roughness in the cavity or utilizing 2D semiconductor heterostructures. The resonance wavelength of the nanocavity is easily tuned by changing the nanocube size or gap thickness enabling optical processes in a wide range of materials to be enhanced from the visible to the nearinfrared. 24, 28 Future work will focus on whether the fundamental and second-order resonance can be tuned independently such that a full frequency octave can be spanned.
The large absorption enhancement achieved in this structure could be utilized to increase the responsivity of photodetectors based on two-dimensional semiconductors. In addition, the demonstrated enhancements in PL quantum yield and directional emission could be harnessed for light-emitting diodes based on these materials. The multiresonant design of the cavity is general, such that a wide range of two-dimensional and other optically active nanoscale materials can be integrated for the enhancement of photoluminescence, absorption, nonlinear effects, and other processes. In addition, by increasing the nanocube density, the collective effects of neighboring nanocavities can be harnessed to further increase the optical response. Moreover, the absorption and quantum-yield enhancements, as well as yet-to-be-utilized effects, of these cavities can be achieved over macroscopic areas because of the colloidal fabrication technique. 28 Methods. Sample Fabrication. First, 50 nm gold films were prepared via electron beam evaporation at a rate of 1 Å/s onto clean glass slides coated with a 5 nm adhesion layer of evaporated Ti. Next, HfO 2 spacer layers were deposited on the gold films via atomic layer deposition (ALD), using tetrakis dimethylamido-hafnium and deionized (DI) water as precursors at a temperature of 250°C. HfO 2 film thicknesses of 2, 5, 8, 11, and 15 nm were realized by performing 25, 63, 100, 138, and 188 cycles of ALD, respectively.
Monolayer MoS 2 was synthesized using the seedingpromoter-assisted CVD method. 29 In brief, molybdenum trioxide (MoO 3 ) and sulfur (S) were used as precursors and were loaded into two separated crucibles. At a growth temperature of 650°C, MoO 3 and S react to form MoS 2 . A 300 nm SiO 2 /Si substrate, on which the seeding promoter perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) was loaded, was placed face down on the crucible together with MoO 3 . The MoS 2 was nucleated with the assistance of the PTAS, and monolayer MoS 2 flakes were obtained on the substrate. The monolayer MoS 2 was then transferred to the HfO 2 -coated gold films using a polydimethylsiloxane stamping method. 30 The MoS 2 crystals were confirmed to be monolayers before and after transfer using Raman spectroscopy ( Figure S3 ). Then, 2 μL of DI water was drop casted onto a 2 mm thick PDMS stamp, and the droplet was pressed against the MoS 2 on the growth substrate. Next, the PDMS stamp was peeled off with the MoS 2 attached and was subsequently pressed against the HfO 2 -coated gold film. After the PDMS was peeled off, the monolayer MoS 2 was left behind on the top surface of the HfO 2 . A polymer adhesion layer was grown by depositing a 10 μL droplet of cationic poly(allylamine) hydrochloride) (PAH) (3 mM) onto a region of the substrate that contained MoS 2 crystals. After 5 min, the droplet was removed using nitrogen gas, followed by several washes with 10 μL water droplets. Small droplets were used to avoid submerging the sample, as submersion may cause MoS 2 to delaminate from its substrate.
Colloidal silver nanocubes were synthesized using a previously described method. 28 After a 100-fold dilution, a 10 μL droplet of the nanocube solution was deposited onto the region coated with PAH, to which the nanocubes adhered. After 5 min, the nanocube droplet was removed with nitrogen gas, and the area was washed with water droplets.
Optical Measurements. Measurements were performed using a custom-built optical microscope ( Figure S2 ). Nanocavities and MoS 2 were identified via dark-field illumination imaging using a 0.9 NA dark-field objective lens. The light scattered from the nanocavities was imaged through an intermediate pinhole aperture onto an imaging spectrograph to obtain the scattering spectrum and identify the resonance wavelength. For PL measurements, the excitation source was a Ti:sapphire laser with an 80 MHz repetition rate and a 150 fs pulse length, which pumped an optical parametric oscillator (OPO) to produce wavelengths from 400 to 640 nm. The output of the OPO was then coupled to a single-mode fiber. The collimated fiber output was passed through a defocusing lens and then imaged onto the sample plane, creating a ∼20 μm spot. We then selected only cavities that both exhibited PL under this widefield excitation and simultaneously possessed a resonance at ∼660 nm, as determined from the dark-field measurements. For quantitative PL measurements, the defocusing lens was removed, and the laser was focused to a diffraction-limited spot on the nanocavity. Monolayer MoS 2 on gold in areas far from the nanocavity exhibits very weak PL and contributes <10% of the total PL signal. The PL was collected by the objective, passed through a 647 nm long-pass fluorescence filter and detected by a single-photon-counting avalanche photodiode (50 μm active area, Micro Photon Devices) connected to a counting module (Picoharp 300, Picoquant Inc.). Every time the excitation wavelength was changed, the fiber output was recollimated to ensure that the laser focal spot and avalanche photodiode remained confocal.
Simulations. We used three-dimensional (3D) finiteelement simulations (COMSOL Multiphysics) to calculate the scattering signature of the plasmonic nanocavity, as shown in Figure 1d . For all scattering calculations, we used a plane wave to excite the nanocavity at normal incidence. The scattered-field formalism, in which the analytical solution for an incident plane wave in the absence of the metallic nanocube is used as the background field, was employed in all 3D scattering simulations. The various components of the electric field induced at the nanogap for both excitation wavelengths (420 and 640 nm) and both nanocavity resonances (420 and 660 nm) were computed. The in-plane electric field components were E x and E y , and the out-of-plane component was E z . The absorption of MoS 2 on the thermal oxide substrate (control sample) and the relative intrinsic PL quantum yield, QY 0 , that are shown in Figure 3b were calculated using two-dimensional (2D) simulations. An infinite film of MoS 2 on a thermal oxide substrate was assumed, with optical constants obtained from Li et al. 26 The control sample was excited by a plane wave impinging at normal incidence, and the power absorbed in the MoS 2 was computed. The refractive index of the silica was assumed to be dispersionless and equal to n = 1.46.
The radiative, nonradiative, and total spontaneous emission rates of the plasmonic nanocavity with embedded MoS 2 were computed using a previously presented numerical technique. 14 We placed an array of monochromatic point dipoles at the gap of the nanocavity; these dipoles were emitting at both excitation wavelengths, 420 nm and 640 nm. The Green's function of the system was evaluated by varying the position of each dipole emitter on a discrete 15 × 15 grid in the gap. Based on these calculations, we theoretically computed the local density of states, the total spontaneous decay rate, and the radiative quantum efficiency of the experimentally investigated plasmonic/MoS 2 structure.
